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Abstract. The correlation of negative particles at small 
momentum difference and its dependence on multiplicity 
and on kinematical cuts is studied in n +/?-interactions at 
250 GeV/c. In terms of the Kopylov-Podgoretskir para- 
metrization, an average radius of the pion emitting region 
of rK — 1.59 ±  0.14 fm and a life-time (or emission depth) 
t  =  0.83 ±  0.25 fm are found. The Lorentz invariant par- 
ametrization of Goldhaber gives rG= 0.85 ±  0.04 fm. As­
suming two different sources of pions, their radii are es­
timated as /■, =  1.75 ±  0.25 fm and r 2 =  0.60 ±  0.08 fm. An 
angular and multiplicity dependence of the space-time 
size of the source is observed. The source is elongated 
along the collision axis and has larger size rK at higher 
multiplicities. The radius rK decreases with increasing 
pion pair momentum. The size of the emitting region 
appears to be larger for low rapidity pions than for pions 
from the fragmentation region. No evidence is found for 
a unique reference frame, where the pion source is mo­
tionless for each n +p collision, i.e. where the space-time 
size of the source is definitely smaller than in any other 
frame.
1 Introduction
The processes of elastic and quasi-elastic scattering of 
hadrons can serve as a source of information on the im­
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pact parameter distribution, i.e. on the transverse size of 
the interaction region (see, example, [1]). Some restric­
tion on this size can be deduced also from inelastic in­
teractions [2,3]. Another important characteristic o f a 
multiple production process is the space-time size of the 
particle emitting region, which can noticeably exceed the 
size of the incident hadron interaction region. As estab­
lished in [4-10], the space-time extension of the emitting 
region can give rise to definite correlation in the spectra 
of two (or more) identical particles.
Let us consider a radiating source consisting of two 
point-like one-particle emitters. Then, the amplitude of 
double counts consists of two terms corresponding to the 
two indistinguishable cases of emitting one or the other 
particle by each of the emitters. If the emitters radiate 
independently (with random relative phase), the proba­
bility of double counts contains an interference term 
which can play an important role at small relative mo­
mentum of the detected particles. This interference is con­
structive for particles obeying Bose-Einstein statistics and 
destructive for the case of Fermi-Dirac statistics. The 
character of the two-particle correlation is determined by 
the Fourier transform of the space-time distribution of 
point-like emitters in the radiating region.
The experimental investigation of interference effects 
allows, in principle, to measure the space-time size of the 
emitting region in an arbitrary direction and for specific 
classes of interactions, differing by the multiplicity of 
secondaries, their transverse momentum, their rapidity 
and other characteristics.
The interference method has first been used by Han- 
bury-Brown and Twiss for the determination of the an­
gular size of stars, by measuring the intensity correlations
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between separated telescopes [4]. The first experimental 
evidence for interference effects between identical pions 
(the Bose-Einstein correlations) in hadronic interactions 
has been reported by Goldhaber et al. [5].
After that, a large number of experiments has been 
performed concerning the study of interference effects in 
interactions of different types of projectile and target for 
a wide range of incident energies. Recent experimental 
results are published in [11-20], recent reviews are given 
in [21-24].
In this work, we report on the investigation of Bose- 
Einstein correlations in n +/?-collisions at 250GeV/c in 
the NA22 experiment, performed at the CERN SPS with 
the help of the European Hybrid Spectrometer EHS. The 
results are based on the full statistics of the n +/?-sample, 
allowing a detailed study of the space-time structure of 
multihadron production. Earlier results, based on one 
third of the present statistics are published in [25].
In the following section we present the parametriza- 
tions commonly used for the description of the inter­
ference effects in the probability distribution of two iden­
tical pions. The experimental procedure is described in 
Sect. 3. The space-time characteristics of the multihadron 
production process and the dependence on multiplicity, 
on kinematical cuts and on the reference frame are pre­
sented in Sect. 4. Conclusions are summarized in Sect. 5.
Alternatively, the parameter z can be interpreted as the 
thickness of the layer from which pions produced at the 
same instant inside the source volume can escape [9,26].
The parameter A in (1) characterizes the strength of 
the interference effect [27], with a maximum possible value 
of A =  1. The experimentally observed values are practi­
cally always A <  1. Different reasons can lead to a value 
A <  1, for example a contamination from coherently ra­
diating emitters for which interference effects are absent 
[26, 28], from point-like emitters radiating two or more 
like pions [29]; the presence of two pion sources of dif­
ferent size [29, 30], or simply detector induced biases (as 
misidentification of particles, wrong charge assignment 
or track losses).
Expressions ( 1)—(4) are not Lorentz-invariant. In 
general, the variables are, therefore, calculated in the 
centre of mass of the initial collision.
A possible Lorentz-invariant parametrization (known 
as Goldhaber parametrization) is
R  =  1 +  A exp( — r2 Q2), (5)
2 The parametrization
with Q2~  —(pl ~~p2)2 = M 2 — 4 m l,  where M  is the in­
variant mass of the pion pair and mn is the pion mass. 
It corresponds to a Gaussian shape of the source in the 
centre of mass of the pair, where q0 — AE=Q.
In this paper, the experimental data are analyzed in 
terms of the following parametrizations:
i) The one-dimensional Kopylov-Podgoretzkif parame­
trization
The coincidence rate for the observation of two identical R (qT) =  y K[ 1 +  A^(4 ƒ 2 (rKqT)/(rK qT)2)]
pions normalized to an uncorrelated “background” is
(1)
x (1 +  ôKqT) . (6)
where q = p1 — p2 is the three momentum difference and 
q0— \E X — E 2 \ is the energy difference of the two pion s. 
The functions / t(q) and f 2(qQ) are Fourier transforms 
of the space and life-time distributions of the emitters, 
respectively. These distributions are assumed to be in­
dependent.
For example, if emitters are distributed uniformly on 
a disk or a spherical surface of radius r, then (in units
A =  c =  1) [7,9]:
ii) The two-dimensional Kopylov-Podgoretzkii parame­
trization
R  (? r . ?o) =  y A 1 +  - M 4 / ,2 (rKqT)/(rKqT)2)
X ( l  +  Ta ?02) - 1 ] . (7)
iii) The Lorentz-invariant parametrization of Goldhaber
R  (fi2) =  y G [1 +  AGexp ( -  r% Q1)] (1 +  ÔG Q2) . (8)
/ l ( í 7.) =  4 / 12 ( í ír /-)/(¿?7-í')2 » (2)
J x(x) being the first-order Bessel function and qT the 
modulus of the component of the vector q transverse to 
p , + p2.
If emitters have a spherically-symmetric Gaussian dis­
tribution then [5,7,9]:
iv) Parametrizations corresponding to two sources with 
different size and r2,
a) the Lorentz-invariant parametrization with two Gaus- 
sians
R (Q  or Q2)
=  y [ 1 +  A j exp ( — r? Q2) +  exp ( — rf Q2)] ; (9)
/ , ( q )  =  exp( q i2 r2) , (3)
where r is related to the r.m.s. radius of the distribution
by r (r.m.s.) =  1/3 r.
If emitters are excited simultaneously and decay ex­
ponentially with life-time r, then [7]:
b) the case, where both sources are present in each event
[29]
^ ( |q | )  =  > '[ l+ {A 1e x p ( - / -12lq |2/ 2)
+  A2exp ( — r| I q 12/2)}2] (10)
f ï i Q o )  =  ( l + ^ o T 2) '• (4) for pion pairs with very small q0 in the overall cms;
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c) the case of a mixture of two subsamples of events, 
each subsample corresponding to one of the sources [29]
^  ( I q I) =  y D 4- A J  exp ( — rf I q 12) +  A2 exp ( — | q | 2)]
(U )
for pion pairs with very small q0 in the overall cms.
The parameters and r2 in (10) and (11) are related to 
the r.m.s. radii of the spherical-symmetric Gaussian dis-
tributions by r x (r.m.s.) = ] / 3 r x and r2 (r.m.s.) =
The parameters yKi y G and y in (6)~(11) are normali­
zation coefficients, and ô K and S G are introduced to ac­
count for a possible slow variation of the ratio R outside 
the interference peak.
Expressions (6 )-( l l)  are compared to the experimen­
tally observed like-pion coincidence rate after normali­
zation to a “background” rate for which the like-pion 
interference effects are absent. We apply two methods to 
form this “background” (reference) sample:
a) The reference sample is formed by the so-called mixed- 
event technique, i.e. a pion from one event is combined 
with pions randomly chosen from different events of the 
same multiplicity class (e.g. n = 6, n = 8, n — 10, « =  12,
14). Energy and momentum are not conserved in this 
reference sample.
b) The reference sample is formed from pairs of unlike 
charged pions in the same physical event and resonances 
like p °  are excluded. This reference sample typically suf­
fers from the reflection of non-excluded resonances and 
from contamination by Dalitz decay and nearby y-con­
version.
Differences observed in the results obtained with the two 
different reference samples reflect some of the uncertain­
ties inherent to this type of interferometry. In special 
cases, these differences can be explained (see e.g. Fig. 10 
below), but generally they are used as an estimate for 
. possible systematic effects.
3 Data sample and reconstruction procedure
The full experimental set-up of EHS, exposed to a positive 
meson enriched beam with momentum 250 GeV/c, is de­
scribed in detail in [31-33], It consists of an active vertex 
detector (Rapid Cycling Bubble Chamber filled with H2) 
and a down-stream two-lever-arm spectrometer. Tracks 
of secondary charged particles are reconstructed from hits 
in the wire and drift chambers of the spectrometer and 
from measurement in RCBC. The momentum resolution 
varies from (1-2)% for tracks reconstructed in RCBC, 
to (1-2.5)% for tracks reconstructed in the first lever arm 
and to 1.5% for tracks reconstructed in the full spec­
trometer.
We accept n +p  events for which the measured and 
reconstructed charge multiplicities are consistent, charge 
balance is satisfied, no electron is detected and the num­
ber of badly reconstructed (and, therefore, rejected) tracks 
is at most 1, 2 and 3 for events with charge multiplicity 
n = 6, 8 and > 8 ,  respectively [33]. Only events with 
charge multiplicity n 6 are accepted, the minimum re­
quired to yield a negative pair. After these cuts, the total 
number of accepted events is 76 195.
In the present analysis two additional track cuts are 
applied:
1. the track momentum error is required to be below 4%;
2, each accepted track is required to lie in the region of 
the Feynman variable \xF\ <  0.5.
The latter selection minimizes biases due to the violation 
of energy and momentum conservation imminent to the 
mixed-event technique. For positive tracks it, further­
more, reduces the contamination from protons. These 
two cuts reject additional 15% and 2% of tracks, respec­
tively, but improve the credibility of the final results.
Since the charge of both incident particles is positive, 
Bose-Einstein correlations are studied for negative par­
ticles in this paper. All charged particles except identified 
protons are assumed to have pion mass. The contami­
nation from other particles is estimated to be (7 ± 3 )%  
[33]. The resolution in Q2 and qT is estimated to be 
a q2 =  8 • 10~4 (GeV/c)2 at Q2 <  0,04 (GeV/c)2 and 
=  5 • 10"3 GeV/c at qT <  0.05 GeV/c.
4 Results
4.1 The average space and time extension 
o f  the pion source
Figure 1 shows the ratio R  as a function of Q2 compared 
to a fit of the Goldhaber parametrization (8). Fits are 
shown with mixed-event and unlike-pair reference sam-
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Fig. la , b. The ratio R  as a function of Q2> as obtained with the a 
mixed-event and b unlike-pair reference sample. The curves cor­
respond to the best fit according to parametrization (8)
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Table 1. Fit results according to parametrization (8) to the ratio R  as a function of Q2 (data for binning A Q 2 — 0.02 (GeV/c)2 are shown 
in Fig, 1)
Reference sample, 
bin width A Q 1 (GeV/c)2
rG
(fm)
k G yG ^a
(GeV/c)
x2/ n d f
Mixed-event
A Q2 = 0.02 0.81 ± 0.01 0.34 ±0.02 0.966 ±0.005 0.006 ±  0.006 110/96
a q 2= o.o\ 0.83 ±0.02 0.38 ±0.02 0.968 ±0.005 0.003 ±  0.006 227/196
Unlike-pair
A Q2 = 0.02 0.88 ±  0.01 0.38 ±  0.02 0.978 ±0.005 0.009 ±  0.006 99/84
A Q 2 =  0.01 0.87 ±0.02 0.41 ±0.02 0.977 ±0.005 0.008 ±  0.006 218/172
Table 2> Fit results for (6) to ratio R as a function of qr (data are shown in Fig. 2)
Reference
sample (fm)
Vk 5k
(GeV/c) -1
* 2/ n d f
Mixed-event 1.58 ±0.10 0.27 ±0.03 0.961 ±0.020 -0.036 ±0.031 54/36
Unlike-pair 1.35 ±0.06 0.37 ±0.04 0.873 ±0.025 0.112 ±0.045 57/35
Mixed-event 1.50 ±0.07 0,29 ±  0.02 0.938 ±0.005 fixed to 0 55/37
Unlike-pair 1.51 ±0.07 0.30 ±0.02 0.938 ±0.005 fixed to 0 63/36
(4-10%) different values of radius rG and correlation 
strength k G. As an average radius of the pion source, 
observed in the dipion rest frame, we obtain 
rc — 0.85 ± 0.04 fm. The quoted error includes the dis­
persion of rG due to the choice of reference sample and 
binning. Further results from (8) will be limited to the 
A Q2 =  0.02 (GeV/c)2 binning.
Figure 2 shows the ratio R  as a function of qT, for 
pairs with energy difference limited to qQ <  (#0)cut 
=  0.2 GeV/c in the overall cms, compared to a fit by the 
Kopylov-Podgoretzkii parametrization (6). Fits are 
shown with mixed-event and unlike-pair reference 
samples. For the latter (Fig, 2b), the first point 
qr £  0.025 GeV/c is biased by unidentified Dalitz pairs 
in the reference distribution and excluded from the figure 
and the fit procedure. This demonstrates clearly that re­
sults obtained with the unlike-pair reference sample have 
to be considered with particular care.
The fit results are presented in Table 2, with free S K 
and with dK fixed to 0. In all cases, the radius rK is of 
order 1.3-1.6 fm .' In what follows, results from the 
Kopylov-Podgoretzkii parametrization will be limited to 
the case of <5 =  0.
We have verified, that the fit parameters presented in 
Tables 1 and 2 are within errors in agreement with the 
results obtained from our preliminary sample [25].
It is expected that Bose-Einstein correlations become 
stronger for smaller q0. Except for the first point 
((tfo)cut=  0-03 GeV) where the fit is bad (too low) at small 
qT) this is confirmed in Table 3, where the fit results (with 
mixed-event reference sample) are presented for different 
values of (^0)cut. Indeed, the “limiting” values (#0->0) of
rK ~  1-9 fm and k K ~0.4 are larger than the more “con­
servative” ones presented in Table 2.
Due to the different assumption on the shape of the 
source, the spatial dimensions rK and rG used in para- 
metrizations (6) and (8) have a different meaning. Note
pies. For the latter, the range 0,36 < Q2 <  0.60 (GeV/c)2 
is contaminated by the p° decay products and, therefore, 
excluded from the fit (Fig. 1 b). The long tail of the dis­
tribution does not influence the parameter /% but is used 
to determine y and S .
The fit results are presented in Table 1 for two dif­
ferent binnings of Q2, A Q2 =  0.02 and 0.01 (GeV/c)2, and 
for the two different reference samples leading to slightly
qT(G eV/c)
Fig* 2a, b. The ratio R  as a function of qT, as obtained with the a 
mixed-event and b unlike-pair reference sample. The curves cor­
respond to the best fit according to parametrization (6). The point 
qr £  0.025 GeV/c in Fig. 2b is excluded from the fit
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Table 3. Fit results according to parametrization (6) to the ratio R
as a function of qT, for different values of (qQ\ ut (data are nor­
malized to the mixed-event reference sample).
(^ Zo)cut
(GeV)
rK
(fm)
k k 7k x2/ n d f
0.03 1.49±0.15 0.35 ±0.04 0.922±0.013 49/37
0.04 1.85 ±0.14 0.43 ±0.04 0.931 ±0.010 51/37
0.05 1*90 ±0.13 0.43 ±0.04 0.935 ±0.009 48/37
0.10 1.81 ±  0.09 0.39 ±0.03 0.936 ±0.006 57/37
0.15 1.68 ±  0.08 0,33 ±0.02 0.940 ±0.006 61/37
0.20 1.50 ±0.07 0,29 ±0.02 0.938 ±0.005 55/37
oCT 2
r. * -
Y—cr 
^  1.6
1.2
0.8
1.6
1.2
0.8
1.6
1.2
0.8
j i i | ' i  r  n  j m  i i i |  i i " i i ' |  i n  j
0 . 0 0 £ q 0< 0 . 0 3  GeV
H - l - | l- l H  I H  I I I I H  I I I I I I
0 . 0 6 ^ q „ < 0 . 0 9  GeV
111 1111 1111 111 \ -i i -i i-
0 . 1 2 ^ q 0< 0 . 1 5 GeV
rill-L X .I i i i i 1 .1 i i. j l- i  .J..J .1...
I '1 t I I I I ) I | I I I 1 | 'l"lT,qTl~rr
0 . 0 3 ^ q 0< 0 . 0 6  GeV
[
¡ I | | H | | | j { |.| i-H-
0 . 0 9 g q o< 0 . 1 2  GeV
, U l X I I I 1 M J. » » r 1 1 * i ■
0 0.2 0,4 0*6 0*8 1
qT(G eV/c)
0 0.2 0.4 0.6 0.8 1
qT(G eV /c)
Fig. 3. The ratio R  as a function of qT and qQ as obtained with the 
mixed-event reference sample. The curve corresponds to the best 
fit according to parametrization (7)
also, that rK and rG are related to different reference 
frames, the overall cms and the centre of mass of the pair, 
respectively. At small qT and for the case of ¿7o-+0, when 
Q2-*q2T, expression (2) acquires an exponential form
f \  ( 2 2)»exp  ( -  r2 Q2/4 ),
so that rK and rG satisfy an approximate relation rK ~  2 rG. 
Within errors, our data are in agreement with this rela­
tion.
More complete information on the emitting region 
can be obtained from the two-dimensional distribution 
R ( q T , q0) using the Kopylov-Podgoretzkii parametri­
zation (7). Figure 3 shows the ratio R  based on the mixed- 
event technique, as a function of the two variables qT 
and q0 in the overall cms, for pairs with q0 <  0.15 GeV. 
The fit results according to (7) are presented in Fig. 3 
and Table 4, in the latter for qQ <0.15,0.16 and 0.20 GeV. 
Within errors, the values obtained for rK and XK are 
equal to those obtained from the one-dimensional dis­
tribution R (q r ) at the corresponding values of (q0) 
(cf. Table 3).
Our values of rK =  1.59 ±  0.14 fm and t  =  0.83
cut
±0.25fm  (obtained by averaging over the values given 
in Table 4 and including errors from binning) are close 
to those obtained in the high-statistics experiments [12, 
27, 34], where data are analysed with the same parame­
trization (7) (in [34], the energy difference qQ in (7) is 
replaced by an equivalent variable qL , the longitudinal 
component of q).
It is important to note that the fit by (7) cannot re­
produce the sharp peak for 0 at small <70-values.
4.2 The size o f  two different sources
In Fig. 4 and in Tables 5 and 6 we present the results of 
an analysis under the assumption that pions are generated 
by two sources of different size. In Fig. 4a we show R (Q )  
based on the mixed-event technique, compared to a fit 
by parametrization (9). The results of the fits by R  as a 
function of Q and Q2 are presented in Table 5. The ex­
tracted radii rx~  1.79 + 0.20fm, r2 = 0.56± 0.04fm and 
correlation strengths A x =  0.44 ±  0.06, A2 =  0.18 ±  0.03 are
similar to those obtained for ] / 7 = 6 3 GeV pp inter­
actions (rx =  2.1 ±0.5 fm, r2 =  0.66± 0.09 fm and A x~
_L 0  1 O
0-48 _ A2 =  0.28 ±0.05) [35], where (9) was used
for R ( Q ). Note, that the fit by the one-exponential par­
ametrization (8) to R (Q 2) leads to “effective” values
r2 < rG < rx and A2 Ag <  A1 (cf. Table 1).
In Fig. 4b we show the ratio ü ( | q | ) ,  based on the 
mixed-event technique, for pairs with (^0)cut==^^5  GeV 
in the overall cms. The fit results for parametrizations 
(10) and (11) are presented in Tableó. Within the large
Table 4. Fit results according to parametrization (7) to the ratio R as a function of qT and for different intervals and binnings of qQ. 
Data, are normalized by the mixed-event reference sample (shown in Fig. 3 for the case of q0 <  0.15 GeV)
Interval 
of q0 (GeV)
Binning
zJí?0(GeV) (fm) (fin)
XK yK x2/ n d f
0-0.15 0.03 1.65 ±0.08 »-*’  -  25 0.37 ±0.03 0.936 ±0,006 209/196
0-0.16 0.04 1.61 ±0.08 0 82 +  0,18 0,82-0 .2 4 0.36 ±0.03 0.937 ±0.005 168/156
0- 0.20 0.05 1.52 ±  0.07 0.76 _  017 0.33 ±0.02 0.938 ±0.005 192/156
\
I
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Table 5. Fit results according to parametrization (9) to R as a function of Q and Q2. Data are normalized by the mixed-event reference 
sample (shown in Fig. 4a for R  as a function of Q)
Variable Binning r\ (fm) r2 (fm) ¿2 y x2/ n d f
Q 
Q2
0.02 GeV/c 
0.01 (GeV/c)2
1 79 +  0-17 
- 0.20
1 + 0.22
-0 .2 5
0.44 ±0.06  
0.38 ±0.06
0.56 ±0.04  
0.62 ±0.06
0.18 ±0.03 
0.19 ±0.03
0.954 ±0.004 
0.965 ±0.003
34/45
189/195
Table 6 . Fit results according to (10) and (11) to R  as a function of |q | . Data arc normalized by the mixed-event refrence sample (shown 
in Fig. 4 b)
Parametrization ( q„ )cut (GeV) r, (fm) Ai r2 (fm) A2 x 2/ n d f
(10) 0.05
(11) 0.05
+  1 4 
6,1 — L8
-1-0 9 
- 1.0
0.87 ±0.22 
1.47 ±0.53
1 24
-0 .4 6  
0.73 ±0.07
0.51 ±0.14  
0.43 ±0.05
48/35
52/35
errors, the extracted parameters rx and r2 are similar for 
parametrizations (10) and (11) and, because of the sim­
ilarity of the two curves, only the result for parametri­
zation (10) is given in Fig. 4b, The r.m.s. radii of Gaus­
sian distributed sources (r (r.m.s.) =  | / 3 r )  are 
rx (r.m.s.) =  10.6 ±3.1 fmand r2 (r.m.s.) =  2.1 ±0.8 fmfor 
parametrization (10), and ri (r.m.s.) =  8.5 ±  1.7 fm and 
r2 (r.m.s.) =  1.3 ±0.1 fm for parametrization (11). Note, 
that the values of the radius rK obtained with the as­
sumption of a spherical surface distribution (parametri­
zation (6)) lie closer to r2 (r.m.s.). The r.m.s. radii ob­
tained with parametrization (10) are larger than the val­
ues rx (r.m.s.) =  5.5 ±2.0  fm and r2(r.m.s.) =  1.1 ±0.5  fm 
obtained for n~p  interactions at 40 GeV/c [36].
In all cases, the radius rx is by ~ 5 -7  times larger than 
r2. The larger radius has been interpreted as connected 
with decay of short-lived resonances (mainly p -mesons), 
while the smaller one as due to direct production of pions
[30].
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Table 7. Fit results for (8) to the ratio R  as a function of g 2, for selections on charge multiplicity n. Data are normalized by the mixed-
event reference sample (shown in Fig. 5)
n ra (fm) Vc <5c (GeV/c) -2 X2/N D F
6 0.53 ±0.05 0.33 ±0.09 0.920 ±0.052 0.001 ±0.052 113/96
6-8 0.85 ±0.04 0.29 ±0.06 0.983 ±0.013 — 0.019 ±  0.013 105/96
8 0.91 ±0.05 0.30 ±0.07 0.992±0.014 — 0.025 ±  0.014 94/96
10 0.70 ±0.02 0.32 ±0.04 0.964±0.013 — 0.004 ±  0.013 91/96
12 0.68 ± 0.02 0.32 ±0.03 0.935 ±0.013 0.052 ±0.013 85/96
14 0.82 ±0.03 0.33 ±0.04 0.958 ±0.011 0.021 ± 0.011 104/96
16-18 1.09 ±0.04 0.43 ±0.06 0.963 ±0.008 0.028 ±0.008 88/96
>20 1.05 ±0.07 0.34 ±0.09 0.976 ±  0.017 -0 .022  ±0.017 106/96
Table 8. Fit results for (8) to the ratio R  as a function of g 2, for selection on the charge multiplicity n, Data are normalized by the unlike- 
pair reference sample
n rG (fm) XG Vg M G e V /c ) ”2 x 2/ n d f
6 0.60 ±0.06 0.36 ±  0.11 0.908 ±0.058 0.071 ±0.061 110/84
6-8 0.92 ±  0.04 0.37 ±0.06 0.964±0,014 0.058 ±  0.017 98/84
8 1.08 ±0.06 0.41 ±0.09 0.970 ±0.014 0.055 ±0.017 81/84
10 0.90 ±0.04 0.31 ±0.05 0.983 ±0.012 0.015 ±  0.013 85/84
12 0.83 ±0.03 0.37 ±0.04 0.955 ±0.012 0.048 ±0.014 69/84
14 0.90 ±0.03 0.34 ±0.05 0.976±0.012 0.009 ±0.013 83/84
16-18 1.05 ±0.04 0.38 ±0.05 0.980 ±0.010 0.008 ± 0.012 91/84
>20 0.89 ±0.06 0.40 ±0.08 0.995 ±0,022 -0 .095  ±0.023 92/84
Despite the large errors, the correlation strength seems 
to be larger for the larger radius source than for the 
smaller radius one.
4.3 Charge multiplicity dependence
Results on the charge multiplicity dependence of the Bose- 
Einstein correlation effects are presented in Figs. 5 and 
6. Parameters are given in Tables 7, 8 for the Gold- 
haber parametrization (8) and in Tables 9, 10 for the 
Kopylov-Podgoretzkif parametrization (6). As can be 
seen there, the radius rG is noticeably smaller for reactions 
in which only one negative pair is produced (n =  6) than 
for higher multiplicities. For «^> 8, no definite «-depen­
dence of rG is found at our energy. Also the radius rK is 
larger (by a factor ~  1.5-1.9) for the highest multiplicities 
(n ^  14) than for the lowest. The errors on the correlation 
strength are too large to establish an «-dependence of 
that parameter. These trends are very similar for the 
mixed-event and unlike-pair reference samples.
Table 11 indicates an «-dependence for the extension 
of the pion production process according to para­
metrization (7). The «-dependence of rK for the
Table 9. Fit results for (6) to the ratio R as a function of qT, for
selections on the charge multiplicity n . Data are normalized by 
the mixed-event reference sample
n >v(fm) k K y K x 2/N D F
6-8  0.97 ±0.15 0.27 ±  0.04 0.903 ±  0.022 45/37
10 1.26 ±0.13 0.32 ±0.04 0.916±0.014 59/37
12 1.36 ±  0.14 0.28 ±0.03 0.930±0.012 63/37
> 14  1.86 ±0.14 0.28 ±0.03 0.953±0.007 38/37
Kopylov-Podgoretzkif parametrizations (6) and (7) is 
similar. Because of the large errors, no definite trend can 
be given for t  and XK , but the life-time at highest mul­
tiplicities («^16) seems larger than at lower ones (n S  10).
A significant «-dependence of the space-time size of 
the emitting region is, however, observed to set in for
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Table 10. Fit results for (6) to the ratio R as a function of qT, for
selections on the charge multiplicity n. Data are normalized by the
unlike-pair reference sample
n rK (fm) XK Vk X2/N D F
6-8 1.18 ±0.16 0.30 ±  0.05 0.915 ±  0.018 58/36
10 i *33 ±  0.15 0.29 ±0,04 0.931 ±0,013 45/36
12 1.48 ±0.14 0.32 ±0.04 0.932 ±0.011 58/36
>14 1.78 ±0.14 0.26 ±  0.03 0.954 ±0.007 31/36
j/y^>50GeV [11, 19, 34, 37], The effect becomes very 
clear in a comparison of hh [11] and AA  [38] collisions 
and is now also observed in e +e~ collisions at 91 GeV 
[15, 24].
A dependence on multiplicity is expected from hydro- 
dynamical models of nuclear interactions [39] or from a 
dependence on the impact parameter [40]. This would, 
however, not explain a multiplicity dependence in e+e~ 
collisions. As has been pointed out in [41], a non-negli- 
gible multiplicity dependence has to be expected already 
from biases introduced by the cuts in multiplicity, them­
selves. These and other biases introduced by kinematical 
cuts will have to be studied with the help of Monte Carlo 
models including Bose-Einstein interference.
4.4 Angular dependence
As mentioned in Sect. 2 above, the correlation method 
makes it possible to measure the size in any direction 
given by the vector q. We here report on a study of the 
dependence of correlation effects on the angle 0 between 
q and the collision axis evaluated in the overall cms.
The fit results according to parametrization (8) are 
given in Fig. 7 and Tables 12 and 13 (for three regions of 
cos 6 1), and in Fig. 8 (for five regions of | cos 6 | ). For 
the unlike-pair technique for parametrization (8), we ob­
serve that the longitudinal size of the source (at
COS0
cos#
XG are inconclusive.
>  0.7) is larger than the transverse one (at 
0.3). The results for the angular dependence of
An angular dependence of the space-time size of the 
source is also observed in the overall cms, when using 
the Kopylov-Podgoretzkii parametrizations (6) and (7). 
As can be seen from Tables 14 and 15, the longitudinal 
size of the source is larger than the transverse one. This 
is more significant for the two dimensional parametri­
zation (7) than for the one-dimensional (6). Also the 
correlation strength XK is larger at smaller angles. An
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Fig, 7. The ratio R as a function of Q2 with the | cos 0 | selections 
as indicated. The data are normalized by the mixed-event reference 
sample. The curves correspond to the best fit according to para­
metrization (8)
elongation of the source along the collision axis has also 
been observed with parametrization (6) for pp  and pp-
interactions at j /s  =  53 and 63 GeV [35].
Because of the large errors, the angular dependence 
of the parameter r  is less significant (Table 15). Note, 
that (7), in which r  has the meaning of a life-time of 
emitters, is derived under the assumption t  P rK . This is 
not confirmed by our data. So, more probably, the pa­
rameter r has to be interpreted as the depth of the pion 
emitting region [9, 26].
4.5 Dependence on pion rapidity and transverse momentum 
and on pair momentum
It is interesting to ascertain whether pions of different 
rapidities, transverse or total momenta are produced by 
the same or by different sources. The dependence of the 
source radius and the correlation strength on | y max | , the 
maximal absolute overall cms rapidity of accepted pions,
Table 11. Fit results for (7) to the ratio R as a function of qT and q0, for selections on the charge multiplicity n. Data correspond to the 
case of ?0<0.15  GeV, normalized by the mixed-event reference sample
n rK (fm) r (fm) Vk x2/ n d f
6 - 1 0 1.22 ±0.12 0  5 4  + 0.36 — 0.54 0.32 ±0.04 0.907 ±0.012 203/196
12-14 1.64±0.14 ’ -0 .49 0.34 ±0.04 0.935 ±0.009 200/196
^ 16 1.87 ±0.18 1 7 9  0.37 — 0.53 0.38 ±  0.06 0.935 ±0.010 196/196
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Table 12. Fit results for (8) to the ratio R as a function of Q2, for selections on | cos 9 | . Data, normalized by the mixed-event reference
sample, are shown in Fig. 7
Cut rG( fm) XG
0.7 <  
0.3 <  
0.0 <
cos 9 
cos 9 
cos 9
< 1.0
< 0 .7
<0.3
0.81 ± 0.01 
0.94 ±0.03 
0.87 ±0.03
0.37 ±0.03 
0.30 ±0.04  
0.35 ±0.04
G * c(GeV/c) -2 * 2/ n d f
0.959 ±0.006 
0.975 ±0.009 
0.952±0.013
0.025 ±0.006 
-0 .006  ±0.009 
0.016±0.013
86/96
86/96
92/96
Table 13. Fit results for (8) to the ratio R  as a function of Q2, for selections on | cos 6 1 (see text). Data are normalized by the unlike-pair 
reference sample
Cut
0.7 <  
0.3 <  
0.0 <
cos 9 
cos 9 
cos 9
< 1.0 
< 0 .7  
<0.3
i'a (fm) A <Jc (GeV/c) -2 Z2/N D F
1.03 ±0.03 
0.85 ±0.03  
0.79 ±0.03
0.28 ±0.03 
0.41 ±0.03 
0.47 + 0.04
0.977 ±0.006 
0.999 ±0.011 
1.000 ±0.016
0.032 ±0.007 
-0 .072  ±0.012 
-0.131 ±0.017
111/84
76/84
82/84
Table 14. Fit results for (6) to the ratio R 
as a function of qT, for selections on 
cos 9 1. Data are normalized by the 
mixed-event reference sample
Cut i'k (fm) * 2/N D F
0.7 < |cos0 <  1.0 1.82 ± 0.12 0.39 ±  0.03 0.940 ±  0.008 45/37
0.3 < |cos0 < 0 .7 1.34±0.12 0.24 ±  0.02 0.937 ±0.010 38/37
0.0 < cos0 <0.3 1.35 ±0.14 0.24 ±  0.03 0.938 ±0.011 33/37
Table 15. Fit results for (7) to the ratio R  as a function of qT and qQ, for selections on |co s01 (see text). Data correspond to the case of 
q0 < 0.15 GeV, normalized by the mixed-event reference sample
Cut rK (fm) r(fm)
0.7 <  | cos 9 | < 1 .0
0.3 <  cos0 < 0 .7
1.85 ±  0.13 0.63
1.33 ±0.13 0.70
0.0 <  cos 9 < 0.3 1 *04 ±0.12 1.24
+ 0.32 
-0 .63
+ 0.33 
-0 .7 0
+ 0.33 
— 0.46
XK
0.46 ±0.06
0.28 ±0.04
0.29 ±  0.04
ÏK
0.927 ±0.009
0.919 ±  0.011
0.896 + 0.016
* 7 N D F
201/196
221/196
244/196
IcosQI
Fig. 8a, b. The radius rG (circles) and correlation strength XG 
(triangles), based on parametrization (8) as a function of | cos 9 \
is presented in Figs. 9 and 10 according to parametriza- 
tions (6) and (8), respectively. Within errors, the data 
based on the unlike-pair technique do not show any 
dependence of rG and rK on | ymax | , while those based 
on the mixed-event technique show a decrease of rG with 
increasing \ymSLX\ (see Fig. 10). The radius rG extracted 
for \ymax\ =0.5 by the mixed-event technique is about 
25% larger than for the unlike-pair technique. Probably, 
this difference is due to the contamination from Dalitz 
decay and y-conversion near the interaction vertex in the 
unlike-pair technique.
A similar effect is seen for pions produced in other 
restricted rapidity intervals. One can infer from Fig. 11, 
that central pions ( — 1 <  y  <  0 and 0 <  y  < 1) are pro­
duced by an apparently more extended source than pions 
with | y  | >  1. Again, the effect is smaller in the unlike- 
pair technique due to correlation and/or contamination 
in the reference sample.
Our data show no definite rapidity dependence of the 
correlation strength.
The dependence of rG and X G on the minimal 
transverse momentum of accepted pions, is presented in 
Fig. 12. For the unlike-pair method, r G decreases more 
or less continuously as p f in increases from 0.1 to 0.5 
GeV/c, while for the mixed-event method no significant
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Fig. 12a, b. The radius rG and correlation strength XG,  based on 
parametrization (8), for the sample of pions with transverse mo­
mentum p T >
decrease of rG is observed. No significant dependence of cms. In Fig. 13 we present the radius rK and the strength 
XG is found on p™m. XK for pion pairs in the momentum intervals |p | =
0 .0 -0 .4 , 0 .4 -0 .8 , 0.8 -1 .3  and 1 .3 -2 .0  GeV/c. It can 
be seen, that the radius decreases with increasing pion 
momentum, and the strength is noticeably smaller for the
Using the mixed-event technique and parametrization 
(6) at q0 <  0.2 GeV, we observe a dependence of rK on 
the pion pair momentum | p | =  | Pi +  P21 in the overall
205
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Fig. 13a, b. The radius rK and correlation strength XK, based on 
parametrization (6), for pion pairs in four momentum intervals 
| p | =  | p, + p21 in the overall cms. The lines correspond to para­
metrization ( 12) in the text
lowest momentum pions (|p| < 0 ,4  GeV/c) than for 
higher momentum ones. Momentum dependence of the 
source size as observed in Fig. 13a is predicted by Pratt 
[42], who has shown that the correlation function of a 
pion pair emitted from the surface of a thermally excited 
(with a temperature T) and spherically expanding (with 
a radial velocity v) source leads to the effective radius
r (p) =  r0 [ (z tanh z ) ~ 1 — (sinh z) ” 2]1 (12)
where z =  1 /21 p | y v / T  and y =  (1 — u2)1/2 is the Lorentz 
factor. The physical explanation of the monotonically 
decreasing behavior of r (p) is that faster pions are more 
likely to be emitted near a point on the shell expanding 
with a velocity in the direction of p, whereas pairs with 
smaller momenta can come from more widely separated 
points [42], The curves in Fig. 13 a are the fits by (12) 
leading to the parameter values
ro T/y xV N D F
mixed-event: 2.07 ±  0.16 fm 0.30 ±0.11 GeV 0.9/2
unlike-pair; 2,09 ±  0.20 fm 0.20 ±0.10 GeV 2.3/2
A decrease of the source size with increasing pion mo­
mentum was observed experimentally in heavy-ion 
collisions [43, 44], and recently in p/?-collisions at 400 
GeV/c [12], for which the extracted parameters 
r0 =  3.67 ±  1.37 fm and 7 7 ^  =  0.12 ±0.10 GeV.
4.6 The influence o f  trigger particles
Besides its depence on multiplicity and kinematical char­
acteristics of the produced pions, the space-time structure 
of the multiparticle production process may depend also 
on other “triggering” conditions, as high elasticity of the 
collision or the production of a high p T particle.
Tables 16 and 17 present the fit results according to 
parametrizations (8) and (6), respectively, for the sample 
of events containing a leading hadron (a proton with 
Feynman xp < —0.5 or a 7r+-meson with + >0 .5). For 
the mixed-event technique the radius tends to be smaller 
and the correlation strength to be larger in the triggered 
events than in the non-triggered ones (cf. with Tables 1 
and 2, respectively). No significant difference is found as 
compared with fit results for non-triggered events for the 
unlike-pair technique.
Figs. 14 and 15 present the fit results according to 
parametrizations (8) and (6), respectively, for different 
samples of events containing a charged trigger particle 
with transverse momentum greater than a given value 
(Prlg)min* The size of the pion source tends to increase 
with increasing (/?£lg)min. For s)min >  1 GeV/c, the 
radius rG is by ~30% larger than for non-triggered events, 
for both reference samples (cf. Fig. 14 with Table 1).
4.7 Bose-Einstein correlations indifferent reference frames
As mentioned in Sect. 2 above, (l)-(4) are not Lorentz- 
invariant. They are derived for the reference frame in 
which the pion source is motionless. As is shown in [45], 
the observed values of r and r  must be minimal in this 
so-called “symmetric” reference frame. One should stress 
(see [10, 45]) that the correlation method for the size
Table 16. Fit results for (8) to the ratio R  as a function of Q2 for a sample of events with a leading hadron of |xlcad [ > 0.5
Reference
sample,
lead
Mixed-event
xp <  —0.5 
x n + >  0.5
Unlike-pair
xp <  —0.5 
x n+ >  0.5
ra (fm)
0.64 +  0.03 
0.82 ±  0.05
0.87 ±0.04  
0.88 ±0.05
X
0.38 ±0.05  
0.53 ±0.08
0.40 ±0.06  
0.48 ±0.08
y G Sa (GeV/c) -2
0.984 ±0.020 
1.011 ±0.017
-0.083 ±0.019 
— 0.122±0.017
0.961 ±0.018 
0.952 ±0.020
0.024 ±0.020 
0.034 ±0.023
x2/ n d f
87/96
113/96
91/84
90/84
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Table 17. Fit results for (6) to the ratio R  as a function of qT, for
the sample of events with a leading hadron (|-xrlead| >  0.5)
Reference
sample,
l^ead
rK (fm) y k xVn d f
Mixed-event
A i o 1.25±0.14 0.39 ±0.05 0.892 ±0.019 40/37
xn +. > 0.5 i-15 ± 0.11 0.55 ±0.06 0.846 ±0.021 40/37
Unlike-pair
x„ < — 0.5 1.59±0.19 0.38 ± 0.06 0.920 ±0.016 52/36
* > 0.5 1.43 ±0.17 0.43 ±0.06 0.900 ±0.018 40/36
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Fig. 15a, b. The radius rK and correlation strength XK} based on 
parametrization (6), as a function of (jpTS)min (see text)
measurement differs from the usual method of simulta­
neous measurement of the end coordinates of a moving 
rod. In the latter method, the maximal length of the rod 
is achieved in its rest frame (proper length).
Usually, the overal cms is assumed to be the “sym­
metric” frame. In [46], where negative particle correla­
tions are studied in n ~^-interactions at 40 GeV/c with 
parametrization (6), an indication is obtained (however, 
with relatively large statistical errors) that the “symmet­
ric” frame coincides with the cms of the colliding quarks, 
in which the momenta of the incident hadrons satisfy the 
relation pjv = ^ p 1t (the so-called “quark reference frame”).
In Table 18 and Fig. 16 we present the fit results cor­
responding to parametrization (6), for pairs with an en­
ergy difference < 0 .2  GeV measured in 
reference frames with different values of the incident mo­
mentum ratio a Iƒ?*+. Results of [46] are also pre- 0.87 ±0.02 and 0.94±0.01 for all fits (not shown).
sented in Fig. 16. All fits by the form (6) (and by (7) 
below) lead to acceptable x 2 values. All results shown in 
this subsection are obtained using the mixed-event tech­
nique. Results from the unlike-pair technique lead to 
similar conclusions.
Our data on rK do not show the minimum at a =  1.5 
( “quark reference frame”) seen in [46] and indicated by 
the arrow in Fig. 16. In our experiment, relatively low 
values (rK ~ 1 .3 -  1.5 fm) are achieved over a wide interval 
1 :^a 5S10, including the overall cms (a =  1), the “quark 
reference frame” (a =  1.5) and the reference frame of equal 
rapidities of the incident hadrons (a =  mp/m n — 6J).
In other words, there is no unique “symmetric” 
reference frame in which the pion source is motionless 
for each n +/?-collision. This is probably due to the fact 
that the colliding constituents (quarks or gluons) can 
carry very different fractions of the initial hadron mo­
mentum and not the constant fraction of 1/2 for pion 
and 1/3 for nucleon, as assumed in [46].
It is also necessary to bear in mind that in different 
reference frames we deal with somewhat different samples 
of pions with small relative momentum. For example, the 
average lab frame rapidity of pions satisfying the con­
ditions < 0.2 GeV/c and q$ < 0.2 GeV, changes from 
</n- > =  2.2 for a =  0 to 3.2 for a =  1 and 4.2 for a =  100. 
Consequently, a variation of r with a can already be 
caused by the change of the relevant pion sample from 
one reference frame to another.
Note from Table 18, that the fitted value of the cor­
relation strength X practically does not change in the 
interval l ^ a ^ l O ,  and slightly increases at the lower 
values of a. The normalization factor y varies between
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Table 18. Fit results for (6) to the ratio 
R (q r ) and for (7) to the ratio R (q T9q0) at 
different a
a Parametrization (6) Parametrization (7)
p? / p !+) r(fm) A r(fm) r(fm) A
0.0 1.76 zh 0.18 0.43 ±  0.02 1.59±0.16 040 + 0,31 -0 .4 0 0.44 ±0.07
0.25 Î.60 ±0.07 0.33 ±  0.02 1.57 ±0.07
n + 0.14 
— 0.19 0.36 ±0.03
0.5 1.68 ±0.07 0.31 ±0.02 1.67 ±0.08 092 +  0 J 4  -0 .1 7 0.38 ±0.03
0.75 1.54 ±0.07 0.29 ±0.02 1.53 ±0.07
+  0 140 72
— 0.18 0.33 ±0.02
1.0 1.50 ±0.07 0.29 ±0.02 1,52±0.07
± 0  14 
— o'17 0.33 ±0.02
1.25 1,46 ±0.07 0.28 ± 0.02 1.49 ±0.07 0 73 +  ^ '14-0 .1 7 0.32 ±0.02
1.5 1.36 ±0.07 0.27 ±0.02 1.36 ±0.07 0 7 5  ^0*13 -0 .1 6 0.31 ±0.02
1.75 1.50 ±0.07 0.30 ±0.02 1,50 ±0.07 — 0.17 0.34 ±0.02
2.0 1.49 ±  0.07 0.29 ±  0.02 1.52 ±0.07 A QA +0.13— 0.15 0.34 ±0.02
2.5 1.35 ±0.07 0.27 ± 0.02 1.35 ±  0.07
0 7 g ± 0 . 1 3  
U -0 .1 6 0.31 ±0.02
3.0 1.37 ±0.07 0.26 ± 0,02 1,39 ±0.07 f \  +0.14  — 0.20 0.28 ± 0.02
4.0 1.35 ±0.07 0.26 ± 0.02 1.38 ±  0.07 0 74^®*^  -0 .1 8 0.31 ±0.02
5.0 1.51 ±0.08 0.25 ±0.02 1.63 ±0.09 - 0.20 0.34 ±0.03
10.0 1.33 ±0.08 0.25 ±0.02 1.33 ±0.08 -0 .2 8 0.27 ±0.02
100.0 1.79±0.13 0.31 ±0.03 1.78 ±0.13
n . ± 0.22 
056 -  0.45 0.34 ±0.04
E r*
' E  2.8
H—
t-
JÊ 2.4
a^pp/pi*
Fig. 16. The radius rK (full circles) based on parametrization (6), 
as a function of a. The results of [46] for r (empty triangles) are 
also shown
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Fig. 17. The radius rK (full circles), the life-time or the emission 
depth r (empty circles) and strength A (triangles), based on para­
metrization (7), as a function of a
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Table 19. Fit results for (7) to the ratio R ( g r ,q0) at different a, for selection on I cos 6 1 (see text)
oc 0 <  | cos 6 | <0 .3 0.3 <  |cos0 | < 0 .7 0.7 <  | cos  ^| <  1
(PpPn- > r (fm) r(fm) A r(fm) r (fm) A r(fm) r (fm) A
0.25 1.44 + 0.15
+  0 30 
°-86- 0  5Ï 0.30 + 0.04 1.62 +  0.13
+ 0 24 
°-61 -0:44 0.34 +  0.04 1.89 + 0.14
0 50+ ^ '23 * -0 .5 0 0.43 +  0.06
0.5 1.48 ±0.14 o 94 +  0*27
-0 .40 0.33 + 0.05
1.49 +  0.14 0 70 + 0,25 
-0 .4 2
0.27 +  0.04 2.00 + 0.14 1 05 -0 .2 5 0.54 +  0.07
0.75 1-35 ±  0.14 1 m + 0 -28 -0 .40 0.30 +  0.04 1.37 +  0.13
i n  + 0-25
-0 .33 0.29 +  0.04
1.88 + 0.13 (\ aq 0.20— 0.31 0.45 +  0.05
1.0 1.36 + 0.14 . . ,+ 0 .3 0  
-0 .48 0.30 + 0.04 1.27 +  0.11
+ 0 22 
°'86-o'29 0.29 +  0.03 1.96 + 0.13
+ 0 19 
° '96 -  (U5 0.52 +  0.06
1.25 1.24 + 0.13
+  0 270 70
-0 .5 2 0.26 +  0.04 1.29 + 0.12
0 74 + ° '23 
-0 .3 4 0.26 +  0.03 1.93 + 0.14
ft1 , + 0.21 
— 0.30 0.43 +  0.06
1.5 1.14 + 0.13
+  0 27
0.25 + 0.04 1.28 + 0.10 a An+ 0*21— 0.33 0.30 +  0.03 1.67 + 0.11
+ 0 19 
°*78-0;26 0.44 +  0.05
1.75 1.27 + 0.15 j 29 +  0.33-0 .45 0.27 + 0.04 1.40 + 0.10
+ 0.20 
-0 .3 0 0.29 + 0.03 1.83 + 0.12
0  9 3  + 0.2°
-0 .2 5
0.48 +  0.06
2.0 1.42 + 0.16
.+ 0 .3 7
-0 .48 0.31+0.05 1.25 +  0.10
+ 0 24 
-0 .37 0.28 + 0.03 1.92 + 0.13
1 0 9 + ^ '21 
-0 .2 5 0.51+0.06
2.5 0.98 + 0.12
+  0 25
0.23 + 0.03 1.37 +  0.11
+ 0 240 41 -0.41 0.29 + 0,03 1.75 + 0.13
0  77 + 0.21
— 0.28 0.42 + 0.05
3.0 0.90 + 0.13
+  0 24
°-69- o : « 0.23 +  0.03 1.66 +  0.13
+ 0 24A  £ |  1
-0 .43 0.32 + 0.04 1.69 + 0.13 0 73 + 0‘21 -0 .31 0.39 +  0.05
4.0 0.87 +  0.13 0 4 7  +  0-27 -0 .47 0.22 +  0.03 1.62 +  0.14
c m a^  0*25 
-0 .3 9 0.30 +  0.04 1.75 + 0.13
~ + 0.21 
-0 .31 0.39 + 0.05
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Fig. 18. The size rK and life-time (emission depth) r  in the three 
directions 6 indicated, based on parametrization (7), as a function 
of a
More complete information on the space-time exten­
sion of the emitting region can be obtained from the two- 
dimensional ratio R ( q r , qQ), according to parametriza­
tion (7), The fit results are presented in Table 18 and 
Fig. 17. Practically no dependence on a is found.
As mentioned above, the correlation method, in prin­
ciple, allows to measure the extent of the source in any 
direction given by the vector q. We divide our data into 
three subsamples covering different regions of the angle 
8 between q and the collision axis: 0.7 <  cos 01 <  1,
0.3 cos 01 <  0.7 and 0 cos 0 0.3. The correla-
tions in these subsamples measure the size in the longi­
tudinal (collision axis), “intermediate” and transverse di­
rections, respectively.
The fit results according to (7) are presented in 
Table 19 and in Fig. 18. The results at a =  0 and a > 4 
are omitted due to large errors. Again, no significant 
minimum is observed for rK at a  =  1.5 or for any other 
direction. In all reference frames, the longitudinal size is 
larger than the transverse and “intermediate” sizes, i.e. 
the emitting region has a prolate shape. Note, that in 
7t ~ N  interactions at 40 GeV/c an oblate  form (rL < r T ) 
of the emitting region has been observed in [46].
The correlation strength A is larger for the longitu­
dinal direction in all reference frames (Table 19). No trend 
can be observed for r.
It is also interesting to ascertain what size of source 
is “seen” by pions produced in the backward and forward 
hemispheres of various reference frames. These sizes 
should be identical in a “symmetric” reference frame. We 
find that the “backward” and “forward” radii practically 
coincide and are constant ( r B  /v Y  p  fti 1.5 fm) for all
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1 £ct <[4. Also this is an indication for the absence of a 
definite “symmetric” reference frame.
5 Summary and conclusions
A study of Bose-Einstein correlations and their depen­
dence on multiplicity and on kinematical cuts has been 
performed in n "^-interaction at 250 GeV/c with the help 
of the EHS spectrometer. In order to estimate the un­
certainties inherent to the definition of an “uncorrelated” 
reference sample, results obtained from the mixed-event 
and unlike-pair techniques are compared to each other.
•  From the observed correlations of negatives we obtain, 
using the Lorentz invariant parametrization (8) of Gold- 
haber, an average radius of the pion source (as observed 
in the dipion rest frame) of rG = 0.85 ±  0.04 fm. Using the 
Kopylov-Podgoretzkii parametrizations (6) and (7) (in 
the overall cms) we find for the average radius 
rK ~  1.59 ±  0.14 fm and for the life-time (or emission 
depth) t  =  0.83 ±  0.25 fm. However, a sharp peak ob­
served at small qt and small q0 remains unexplained.
•  A more detailed study shows that the pion source can 
be characterized by two different radii. Obtained with 
parametrization (9), these radii are r, = 1.75 ±  0.25 fm and 
r2 =  0.60 ±0.08 fm in the dipion rest frame, very close to 
those observed in higher energy ^-interactions. In the 
centre of mass of the initial collision, the r.m.s. radii of 
the two Gaussian distributed sources extracted according 
to parametrizations (10) and (11) are r{(r.m.s.) =  
(10.6 ±  3.1)-(8.5 ±  1.7) fm and r2 (r.m.s.) =  (2.1 ±0.8) 
— (1.3 ±  0.1) =  fm. The correlation strength seems to be 
larger for the larger radius source.
•  Our data allow to find a multiplicity dependence of 
the correlation effects, but smaller than observed for 
higher energy pp and /^-interactions, nucleus-nucleus 
collisions and highest energy e+e ” annihilation. For the 
cases of parametrizations (6) and (7), the radius rK in­
creases with increasing multiplicity, being a factor
1.6-1,9 larger at 14 than at « =  6-8. For the case of 
parametrization (8), the radius rG is significantly 
smaller at multiplicity n — 6 than at higher ones, but at 
n 8 no significant «-dependence is observed.
•  A significant angular dependence of the correlation 
effects is observed both in the overall cms (both tech­
niques) and in the dipion rest frame (unlike-technique 
only). The source is found to be elongated along the 
collision axis.
•  From the rapidity dependence, an indication is ob­
tained that the source of pions produced in the central 
region has on average a larger size than that produced 
in the fragmentation region.
•  The source size “seen” by pions with different mo­
menta in the overall cms decreases with increasing mo­
mentum, as is expected for a thermally excited and spher­
ically expanding source with T / y v ~ 0 3 ± 0 . l  GeV.
•  Our data indicate that the source size tends to increase 
as the transverse momentum of a “trigger” particle is
increased.
© As for the correlation strength, no definite dependence 
on the multiplicity, rapidity and transverse momentum 
of pions, and on the “trigger” conditions is observed. 
However, XK is larger at smaller angles and is smaller at 
the lowest momenta of pions in the overall cms.
0 In our study of Bose-Einstein correlation in different 
reference frames of n +p  interaction, no evidence is found 
for a unique frame in which the pion source is motionless 
for each n +p collision, i.e. where the spatial size and the 
life-time (the emission depth) of the pion source are def­
initely smaller than in other reference frames moving 
along the beam direction. The emitting region has a pro­
late shape in any frame.
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